Transcription-termination factor rho of Fig. 1 . As will be justified extensively below, we interpret the sigmoidal shape of this curve to indicate that (i) activation of rho ATPase requires the simultaneous occupancy of both polynucleotide cofactor sites of the functional dimer, (ii) the binding affinities of these sites for poly(rC) are different, and (iii) the two *Present address:
Rho protein is required to release nascent RNA transcripts from ternary (polymerase-RNA-DNA) transcription complexes that are paused at specific rho-dependent termination sites within the Escherichia coli genome (see refs. 1 and 2 for reviews). The termination activity of rho is dependent on the activation of an RNA-dependent ATPase with specific polynucleotide cofactor requirements. These specificities have been described in terms of two types of cofactor sites on the rho molecule (3, 4) . In this paper we further define the properties of these ATPase activation sites.
Rho exists (and presumably functions) under physiological conditions as a hexamer of six identical subunits (5) (6) (7) (8) . Each subunit contains one ATP (substrate) and one RNA (cofactor) binding site (9) . Recent binding studies have shown that the six ATP binding sites of the hexamer fall into two affinity classes of three sites each (10) . It has also been shown that the six RNA binding sites of the rho hexamer can bind six RNA oligonucleotides and that these cofactor binding sites are also divisible into two classes of three sites each on the basis of binding affinity (ref. 11 ; also Y. Wang and P.H.v.H., unpublished results).
Subunit association studies (12) demonstrate that rho hexamer formation proceeds through a distinct and stable dimer intermediate. Geiselmann et al. (13) have demonstrated that rho exists as a hexagon with D3 symmetry, meaning that the hexamer can be treated as a trimer of structurally asymmetric dimers. The subunits of each of these dimers are related by a C2 symmetry axis. Each dimer has two types of subunit interaction surfaces as well as two substrate (ATP) and two cofactor (polynucleotide) binding sites. Here we use homopolynucleotide cofactors to build on this structural and binding site information to develop a functional dimer model of the activation of rho ATPase by RNA.
MATERIALS AND METHODS
Rho Protein. The transcription-termination factor rho used in these studies was purified from rho-overproducing E. coli strain AR120 containing plasmid p39-AS (14) as described (15) . Concentrations of rho protein were determined spectrophotometrically by using a molar extinction coefficient (EM,2w0) of 1.49 x 104 M-1cm-1 (8 (Fig. 1) (18) demonstrated that poly(rU) binds to rho about 20-fold more weakly than poly(rC) at the salt concentration of our assays. Full ATPase activation of rho by poly(rU) required polynucleotide concentrations that greatly exceed the 20-fold difference in binding affinity of poly(rU) and poly(rC) (data not shown). Poly(rC) and poly(dC) bind rho competitively and with equal affinity (18) . However, poly(dC) alone cannot activate rho ATT'ase. We show here that binding of poly(dC) to one of the cofactor sites of the functional dimer resulted in full competitive inhibition ofhalf of the poly(rC)-activated ATPase of rho.
The experiments presented in this paper show that cofactor activation of the ATPase activity of rho requires simultaneous occupancy of both polynucleotide binding sites of the functional dimer and that the magnitude of the ATPase activation achieved depends on the base and the sugar compositions of the polynucleotide(s) bound. A set of phenomenological rules that describe the activation of rho ATPase by polynucleotide binding is developed below and is summarized in the Discussion (see Fig. 4 ).
Competition and Complementation ofPoly(rC) Activation of rho ATPase by Other Homopolynucleotide Cofactors. Steadystate ATPase competition and complementation studies with homopolynucleotides can be used to differentiate and characterize the two cofactor binding sites of the functional rho dimer. Poly(rU) was added to assays containing poly(rC) to determine whether this cofactor complements or competes with poly(rC) in the activation of rho ATPase. Fig. 1 shows an activation curve for a 50 nM solution of rho as a function of poly(rC) concentration in the presence of 20 FM poly(rU). As these complementation results show, the characteristic sigmoidal shape of the poly(rC) activation curve was abolished by the addition ofthis amount ofpoly(rU), although the concentration of poly(rC) required to fully activate the rho ATPase was only marginally less than was required in the absence of poly(rU). We interpret these results as follows.
Poly(rU), which has an =20-fold lower overall binding affinity for rho than poly(rC) (18) , can saturate one ofthe two cofactor binding sites of the functional dimer under the protein and polynucleotide concentration conditions of this experiment. We refer to this site as the high-affinity site ofthe functional dimer, or "Site 1." On the other hand, we will show (see Fig. 2 ) that poly(rU) is unable to bind to the other (low affinity) site ("Site 2") of the functional dimer at this (relatively low) poly(rU) concentration. We do know that very high concentrations of poly(rU) alone can fully activate rho ATPase (18) . Thus, in terms of the present model, Site 2 as well as Site 1 binding can be saturated by poly(rU) at very high concentrations, thereby fully activating the rho ATPase.
Poly(rC) can effectively occupy Site 2 and stimulate full ATPase activity without sigmoidicity by complementing the poly(rU) that is prebound in Site 1 at the poly(rU) concentrations of Fig. 1 . Therefore, the activation curve of rho ATPase by poly(rC) in the presence of sufficient poly(rU) to saturate Site 1 is initially hyperbolic. We observed that this activation curve starts at a zero ATPase rate (Fig. 1 Fig. 1 shows that the amount of poly(rC) required for maximal stimulation ofATPase activity in the poly(rU)-complementation experiment was only slightly less in the presence of this amount of poly(rU) than in its absence. This follows because, both in the poly(rC) alone and in the poly(rU) complementation experiments, it is the saturation by poly(rC) of the weaker-binding Site 2 (to which poly(rU) does not bind at these concentrations) that drives rho ATPase activity to its maximal rate.
The above interpretation of these data is confirmed in Fig.  2 , where rho ATPase activity is plotted as a function of poly(rU) added to rho solutions containing various subsaturating levels of poly(rC). A saturating amount of polynucleotide is defined as the number of moles of poly(rC) residues needed to just reach maximal ATPase activation (here 160 residues per rho hexamer; see Fig. 1 ). Insignificant changes in ATPase activity were observed when poly(rU) was added to rho solutions containing saturating concentrations of poly(rC) (Fig. 2, top curve) . This is consistent with the above interpretation-i.e., that although poly(rU) competes poorly with poly(rC) for the cofactor binding sites of rho, it nevertheless activates rho ATPase in the same fashion as poly(rC) and therefore should have little additional effect on the observed ATPase rate under these conditions offull poly(rC) saturation. In Fig. 2 We observed less than one-quarter of the maximal enzymatic rate when low concentrations of added polynucleotide were added (Fig. 3 Left), since statistically less than one-Proc. Natl. Acad. Sci. USA 89 (1992) 10457 quarter of the functional dimers has both cofactor sites occupied. Excess poly(dC) could only drive the final velocity up to one-quarter of the maximal ATPase rate because of the limited amount of poly(rC) available to bind to the unoccupied low-affinity sites. The model that emerges from these observations predicts that a functional dimer carrying poly(rC) in both cofactor sites will catalyze ATP hydrolysis at the maximal rate, while dimers carrying poly(dC) in Site 1 and poly(rC) in Site 2 will hydrolyze ATP at V.,/2. There was no further change in the apparent ATPase activity of rho with further addition of poly(dC), in contrast to the gradual increase in ATPase rates seen in Fig. 2 with further addition of poly(rU).
The above interpretations are consistent with the results of the steady-state reverse complementation assays of Fig. 1 , in which Site 1 of the functional rho dimer was filled with poly(rU) [or poly(dC)] in addition to the added poly(rC). No ATPase activity was observed with either of these polynucleotides without the addition ofpoly(rC), as expected ifboth cofactor sites must be occupied to activate rho ATPase. The poly(rU)-containing samples yielded activation curves that are initially hyperbolic and that saturate at almost the same poly(rC) concentration as does the activation curve for poly(rC) alone. In the complementation experiment, poly(rC) will eventually competitively block poly(rU) from Site 1 in addition to filling Site 2, but the functional dimers that contain saturating poly(rU) in Site 1 and poly(rC) in Site 2 will catalyze ATP hydrolysis at essentially the same rate as those that carry poly(rC) in both cofactor binding sites.
The reverse complementation curve of Fig. 1 , obtained when poly(rC) was included in a poly(dC)-containing solution of rho, is more complex. This curve reflects both complementation as poly(rC) filled Site 2 and then competition as this ribopolynucleotide blocked poly(dC) from Site 1. We note that this curve is also initially hyperbolic rather than sigmoid; thus here poly(dC), which at high poly(rC) concentrations is an inhibitor (Fig. 3 Left), also binds first to Site 1 and therefore [like poly(rU)] acts as an initial activator of poly(rC)-dependent ATPase. Eventually both sites were filled with poly(rC), resulting in maximal ATPase activation. However, because of the high affinity of poly(dC) for Site 1, full activation was not achieved at the levels of poly(rC) added in the poly(dC) reverse complementation experiments shown in Fig. 1 .
An Eadie-Hofstee plot (or equivalent) of the rate of poly(rC)-stimulated rho ATPase in the presence of saturating poly(dC) yields an apparent Km for the poly(rC) cofactor of -8 x 105 M-1, which is significantly less than the binding constant measured for either of these polynucleotides by McSwiggen et al. (18) . The above interpretation suggests that this Km reflects the cofactor activation properties of the low-affinity site of the functional rho dimer (Site 2).
DISCUSSION
In earlier work we and others have shown that rho is structurally and functionally a trimer of dimers under physiological conditions (6, 8, 9, 12, 15 terms of polynucleotide interaction specificity. Our findings are summarized schematically in Fig. 4 , which shows the levels of ATPase activation that are obtained as each of the cofactor sites of the functional dimer is saturated with the indicated polynucleotide. Site 1 in Fig. 4 represents the high-affinity site and Site 2 represents the low-affinity site, as defined above. Our conclusions are summarized in Fig. 4 . We find that (i) no ATPase activity is observed without bound cofactor; (ii 
